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ABSTRACT 
The rapid advancement in the fields of LSI/VLSI 
technology and the resulting complexities greatly enhance 
the needs of proper modelling and optimization of the IC 
fabrication processess. For quite sometime, attempts are 
being made to develop satisfactory process models for the 
processing steps, A thorough study of the diffusion process 
has therefore been undertaken and all the important 
modelling attempts have been critically reviewed. The most 
promising ones have been highlighted. However, it has 
been found that none of the models available today are 
entirely satisfactory. Many important effects are yet to 
be incorporated into these models. From the available 
literature, one of the most upto date models for Boron 
diffusion into silicon has been selected. A computer 
program has been developed for this model. An efficient 
numerical technique has been used in developing the 
algorithm. Diffusion profiles, for the given process 
parameters for boron diffusion may be determined with the 
help of this model. The model has been tested with various 
data available in the literature. 
Chapter-I 
INTRODUCTION 
Solid state diffusion is one of the most practical ways 
of achieving desired concentration of dopant in silicon^ 
usually the diffused layers are formed in two steps, namely, 
predeposition and drive-in. Simple one-dimensional diffusion 
theory may be applied to obtain profiles. In the case of 
predeposition step, the resulting solution will be complemen-
tary error function whereas in the case of drive-in, the 
resulting solution will be Gaussian distribution. It has 
however been reported that in cases of practical interest, 
the actual diffusion profiles are generally not in agreement 
with the profiles obtained from simple diffusion theory. 
A number of deviations and anomolous effects have been 
reported. It was found that at low surface concentration. 
Boron diffusion under non-oxidising conditions generally 
produces diffusion profiles consistent with the simple 
diffusion theory. At high surface concentration, the shape 
of profiles deviate from the theoretical ones. In these 
high surface concentration regions the impurity profiles 
can often be represented by concentration dependent 
diffuslvities. It has been shown that the electrically 
active Boron profiles change from complementary error function 
shape to 'Flat topped* shape with the onset of a 'kink' 
as the surface concentration is increased. It has been 
obsein?ed that fairly accurate models of diffusion have come 
up which are capable of successfully explaining most of 
the anamolous effects like the concentration dependence 
of diffusion coefficients, kink formation etc. A thorough 
study of impurity diffusion of boron into silicon has 
therefore been taken up. A relatively good model has been 
chosen and developed into a full fledged ccMtiputer program 
for the determination of impurity profiles boron in the 
silicon. 
Chapter - 2 
DIFFUSION OF IMPURITIES INTO SILICON 
2 ,1 I n t r o d u c t i o n 
Modern semiconductor d e v i c e s r e l y on the t e c h n o l o g i s t ' s 
a b i l i t y to i n t r o d u c e p rede te rmined amounts of impur i t y i n t o 
p r e c i s e l y d e f i n e d r eg ions of a c h i p . I t fo l lows t h a t any 
movement of i m p u r i t i e s w i t h i n the semiconductor must be c a r e -
f u l l y c o n t r o l l e d o r , a t the v e r y l e a s t , p r e d i c t a b l e . Whenever 
the c h i p i s r a i s e d to a h igh t empera tu re d u r i n g p r o c e s s i n g , 
movement of i m p u r i t i e s i s l i k e l y t o occu r . Sometimes t h e 
d i f f u s i o n i s d e l i b e r a t e l y i n i t i a t e d by t h e manufac tu re r , 
e . g . when an a c c e p t o r i s d i f f u s e d i n t o n - type m a t e r i a l i n 
o r d e r t o make a p - n j u n c t i o n . On o t h e r o c c a s i o n s the d i f f u s i o n 
occu r s due to some subsequen t p r o c e s s i n g s t e p which r e q u i r e s 
a h e a t t r e a t m e n t . This l a t t e r ' a c c i d e n t a l * d i f f u s i o n i s 
becoming of i n c r e a s i n g impor tance a s t h e dimensions of 
i n d i v i d u a l d e v i c e s i n i n t e g r a t e d c i r c u i t s a r e d e c r e a s e d . 
The aim of the d i f f u s i o n s t u d i e s i s t o deve lop improved 
models from exper imen ta l d a t a f o r p i red ic t ing d i f f u s i o n r e s u l t s 
from t h e o r e t i c a l a n a l y s i s . The u l t i m a t e goa l of d i f f u s i o n 
s t u d i e s i s t o c a l c i i l a t e t h e e l e c t r i c a l c h a r a c t e r i s t i c s of 
a semiconductor dev ice from the p r o c e s s i n g p a r a m e t e r s . 
Diffusion theories have been developed from two major 
approaches, namely, the continum theory of Pick's diffusion 
equation and the atomistic theory which involves interactions 
between point defects, vacancies and i n t e r s t i t i a l atoms (an 
atoms si tuated between l a t t i c e s i tes) and impurity atoms. 
The continum theory describes the diffusion phenomenon from 
the solution of Pick's diffusion equation with appropriate 
d i f fus iv i t i e s . The diffusivi t ies of dopant element can be 
determined from experimental measurements, such as surface 
concentration, junction depth, or the concentration prof i les , 
and the solutions of Pick's diffusion equation. The solution 
of Pick's diffusion equations gives good resu l t s in low 
concentration regions of impurit ies. When impurity concentra-
tions are high, the diffusion profi les deviate from the 
predictions of simple diffusion theory, and the impurity 
diffusion i s affected by other factors which are not 
considered in Pick's siirple diffusion laws, in such cases, 
we apply Pick's diffusion equation with concentration 
dependent d i f fus iv i t i e s . The concentration dependent 
di f fus ivi t ies are determined by Boltzmann - Matano analysis 
(1) or other formulation of profile analysis . 
Various atomistic diffusion models based on defect 
impurity interact ion have been proposed to explain the 
experimental resul ts from concentration dependent diffusi-
vities and other anomalous diffusions. The atomistic 
diffusion theory is still undergoing active development. 
2.2 MODELS OF DIFFUSION IN SOLIDS 
2.2.1 Vaccancy Diffusion 
Diffusion in a solid can be visualized as 
atomic movement of the diffusant in the crystal lattice by 
vaccancies or self interstitials. At elevated temperatures 
the lattice atoms vibrate around the equilibrium lattice 
sites. Occasionally a host atom acquires sufficient energy 
to leave the lattice sites, becoming an interstitial atom 
and creating a vaccancy. When neighbouring atom (either the 
host or the impurity atom) migrates to the vaccancy sites, 
the mechanism is called diffusion by vacancy. If the 
migrating atom is a host atom the diffusion is referred 
to as self diffusion, if it is an impurity atom the diffusion 
is impurity diffusion. 
2.2.2 Interstitial Diffusion 
If an interstitial atom moves from one place to 
another place without occupying a lattice sites, the 
mechanism is interstitial diffusion. An atom smaller than 
the host atom often moves interstitially. The activation 
energies required for diffusion of interstitial atoms are 
lower than those for d i f f u s i o n of l a t t i c e atoms by vaccancy 
mechanism, 
2 . 2 . 3 Extended I n t e r s t i t i a l Diffus;^on 
Sometimes t h e atomic movement of i n t e r s t i t i a l atom 
d i s p l a c e s a l a t t i c e atom, which in t u rn becomes an i n t e r s t i t i a l 
atom. This i s an example of ex tended i n t e r s t i t i a l mechanism, 
sometimes c a l l e d the " i n t e r s t i t l a l c y * mechanism. 
2 .3 SIMPLE ONE DIMENSIONAL DIFFUSION EQUATION 
The F i c k ' s One-dimensional d i f f u s i o n t h e o r y i s based 
on the analogy between m a t e r i a l t r a n s f e r i n ' a s o l u t i o n and 
h e a t t r a n s f e r by conduct ion ( 3 , 4 ) . Fick assumed t h a t i n a 
d i l u t e l i q u i d o r gaseous s o l u t i o n i n t h e absence of 
c o n v i c t i o n , t h e t r a n s f e r of s o l u t e atoms p e r u n i t a r ea i n 
an one d imens iona l flow can be expressed by the fo l lowing 
e q u a t i o n : 
J ' - D ^1^^*^^ (2.3-1) 
where J is the diffusion flux, C i s the concentration of 
solute, Xis the coordinate axis in the direction of flow, 
t i s the diffusion time, and D i s the di f fus ivi ty . The 
above mentioned equation Is called Pick's f i r s t law of 
diffusion. 
From the law of conservation of matter, the change of 
solute concentration with time must be the same as the local 
decrease of diffusion flux, that i s , 
qc(x,t) _ ^Jix,t) (2.3-2) 
^ t ^ X 
Elimination of J from equation (2,3-1) and equation (2,3-2) 
yields Pick's second law of diffusion in the dimensional 
form: 
2cix*tL , ^ r D "^ C(x, t) 1 (2.3.3) 
•^ t d x L a ^ •* 
when the concentration is low, the diffusion coefficient 
(diffusivit^) can be described as a constant, and equation 
(2.3-3) becomes 
^USx-tl = D "S^ . ^ i^itl (2.3-4) 
•^t -^x2 
Equation(2.3-4)is often referred to as Pick's simple 
diffusion equation. Solutions for equation (2.3-4) with 
various simple initial and boundary conditions have been 
obtained (1,5). 
2.3,1 Constant Diffuslvlties 
Simple one dimensional diffusion theory may be used 
to study the diffusion kinetics of various impurities, both 
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in the case of deposition as well as drive in. If C(x,t) 
is the impurity concentration per unit volume at a distance 
'X' and time 't*, then the diffusion may be described 
by the equation 
^ = D ^ (2.3.5, 
where D is a constant known as diffusion coefficient. This 
equation is known as the diffusion equation. 
In the case of pre-deposition, the diffusion is tisually 
done xmder the conditions of constant surface concentration 
(23), equal to the solid solubility limit Cg. Accordingly, 
the impurity distribution may be determined by solving 
the diffusion equation, subject to the following initial 
and boundary conditions? 
C(0,t) = Cg (2,3-6) 
C(c»,t) « 0 (2.3-7). 
C(x,0) « 0 (2,3-8) 
The result ing solution (i^ ) i s 
C(x,t) * Cg erfc x/{2jDt) ( 2 .3 -9 ) 
The factor 2/Dt i s known as the 'diffusion length ' . 
In the case of drive-in, the total number of impurity 
atoms per unit area of the diffused layer may be assumed 
constant (23), the initial and boundary conditions are: 
= 0 
0,t 
C(oO,t) = 0 




where C(X,0) represents thf- impurity distribution just 
before drive-in v/hich v/ould re the distribution after the 
predeposition step. The solution of the diffusion equation 
su'\iect to these i»^ itial and boundary conrHtic^ ns is difficult 
to obtain analytically. If the Initial distribution C(x,0) 
is approximated by a delta function then the solution is 
•':iven by: 
C(X,t) = Q r2 exp (-X-^ ADt) (2.3-11) 
v^ here Q is the total number of Impurity atoms in silicon 
after pre-deposition. 
This is the v/ell-knov/n 'Gaussian' distribution. The 
delta function approxiration made here is justified provided 
10 
\/Dt for deposition is much smaller than^/ET for drive-in. 
In practice, this condition is usually met. It has been 
shown (23), by obtaining the exact solution without making 
the delta function approximation, that for values of the 
ratio (v^ Dt) ,g /(v^ 5t) drive-in, as large as 0,25, the 
delta function approximation provides an excellent fit. 
It is only when this ratio approaches unity that the delta 
function approximation starts giving large errors, 
2,3,2 Concentration Dependent Diffusivities 
The simple atomic mechanism are not adequate for 
describing the diffusion when concentrations are high, 
dislocations are present, or other impurities are present 
at high concentrations. In these high concentration cases 
the measured impurity profiles deviate from equation 
(2,3-9) and (2,3-IT^),respectively and the impurity profile 
can be represented by concentration dependent diffusivities. 
Equation (2,3-3) is used to determined the concentration -
dependent diffusivities from experimentally measured 
concentration profiles. 
2,3,2,1 Constant Surface Concentration 
If diffusivity D is only a function of concentration 
C and the Surface concentration is maintained at a constant 
value, equation (2«3-3) can be transfermed into an ordinary 
11 
d i f f e r e n t i a l equation ( l) with a new var iab le Yj , where 
h = ~ - ^ (2,3-12) 
Thus, both C and D depend on X i m p l i c i t l y . Subs t i t u t ing the 
/alue of y\ in Eqi^. (2,3-3) , following equation can be obta ined. 
dc 
D(C) = 2 (2.3-13) 
dc 
The process i s therefore to p l o t out an experimental ly 
determined p r o f i l e and a t some concentrat ion C^ measure the 
s lope and area under the p r o f i l e . Equation (2,3-13) i s then 
used to c a l c u l a t e the value of diffusion coe f f i c i en t 
corresponding to C-, in t h i s way the difftision coef f i c ien t 
can be determined over the whole range of concentration; 
covered by the p r o f i l e , 
2 .3 ,2 ,2 Constant Total Popant 
In most device f ab r i ca t i ons , the di f fus ion i s done 
a f t e r the in t roduct ion of impurity in to s i l i c o n , thus , 
equation (2.3-13) can not be used to determine the concen-
t r a t i o n - dependent d i f f u s i v i t y from the measured 
concentra t ion p r o f i l e s lander such circumstances .Equation 
12 
(2.3-12) i s not applicable to redistr ibut ion diffusion 
from a high-concentration predeposition - diffused layer or 
an ion implanted layer a t high ion doses* An alternative 
expression i s used to remove the constant surface concentra-
tion and i t i s replaced by a requirement tha t the to ta l 
concentration of dopant remain invariant with diffusion 
time ( i . e . Constant to ta l dopant) (6,7) . This requirement 
i s expressed as 
J C(X, t) d X = Constant (2.3-14) 
Where Q is the t o t a l dopant per unit area in the diffused 
layer and i s independent of the diffusion time. Equation 
(2.3-14) has been applied to the redis t r ibut ion diffusion 
of arsenic from an ion in^lanted layer (8) , The expression 
for detemining the diffusion coefficient from the 




-C(x - t ) X 
= 2 2 (2.3-15) 
[i-] 2t . ... . 
o 
Where Cg is the Sxorface concentration, X is the location 
at which D is determined, and (dc/dx)^_„ is the concentra-
^ ^o 
tion gradient at x = x , 
13 
2,3,3 Temperature Dependence of D l f fus lv l t l e s 
The temperature dependence of the d i f f u s i v i t i e s 
determined experimental ly over a range of diffusion tempera-
ture can be represented by the equat ion, 
D = DQ e ' ^ a ^ "^^  (2.3-16) 
2 
where D i s the frequency fac tor ( in cm /S) , E i s the 
ac t iva t ion energy ( in ev ) , T i s temperature ( in K), K i s 
Boltzmann constant ( in ev/K)• Thus when D i s p lo t t ed 
versus 1/T on Semilogarithmic Coordinates, D i s a s t r a i g h t 
l i n e with slope E /KT, From the atomic di f fus ion theor ies 
involving the defect - impurity in te rac t ions^ D^ iis r e l a t ed 
to the atomic jximping frequency or the l a t t i c e v ib ra t ion 
frequency and Jumping dis tance of an impurity, a defect , o r 
defect - impurity p a i r s . The ac t iva t ion energy E i s 
r e l a t ed to the energies of motion and energies of formation 
of defect - impurity complexes. 
Thus by measuring the d i f f u s i v i t y as a function of 
temperature, we can determined whether the d i f fus ion i s 
dominated by an i n t e r s t i t i a l or vacancy meschanism. 
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2,4 ATOMIC DIFFUSION MECHANISM 
To unders tand the d i f f u s i o n p r o c e s s fit h igh 
c o n c e n t r a t i o n l e v e l s and the p h y s i c a l mechanism f o r the 
impur i ty d i f f u s i o n a t v a r i o u s c o n c e n t r a t i o n l e v e l s , atomic 
models of s o l i d s t a t e d i f f u s i o n have been propo«dd and 
compared w i t h e x p e r i m e n t a l measurements . The a tomic mechanism 
of s o l i d s t a t e d i f f u s i o n was e s t a b l i s h e d from the d i f f u s i o n 
s tudy i n m e t a l s . The vaccancy mechanism i s most p robab l e 
i n a cubic face c e n t e r e d c r y s t a l 1 9 ) , Di f fus ion i n s i l i c o n 
can be d e s c r i b e d by mechanisms i n v o l v i n g i m p u r i t y and p o i n t 
d e f e c t i n t e r a c t i o n s with t h e p o i n t d e f e c t s a t d i f f e r e n t 
charge s t a t e s . 
I t can be shown (10) t h a t any "flow" i n a semi-
conductor l a t t i c e can u s u a l l y be r e p r e s e n t e d by a s e r i e s 
+ - 2- 3 -
of energy l e v e l s , in the sequence E , E , E , E , , , i n 
a d d i t i o n to be ing n e u t r a l . In g e n e r a l , a l l deep l e v e l s as 
w e l l a s v a c a n c i e s , e x h i b i t on o r more of t h e s e charge s t a t e s , 
a r e i n t h i s s equence . Let us assume t h a t v a c a n c i e s can be 
+ — 2— 3 
r e p r e s e n t e d i n t h i s way, co r r e spond ing t o V , V , V , V 
i n a d d i t i o n t o V*^  fo r the saka of s p e c i f i c i t y . 
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Consider the dilute case, where an extremely small 
amount of impurity diffuses in the zincblende lattice. 
Diffusion under this condition can be characterized by 
i te 
3 -
o + - 2-
i n t e r i n s i c di f fus ion coe f f i c i en t s D^^ , Dj^  , D^ , D^ and 
D. "", where these terms aire associa ted with I-V°, I-v"* ,^ 
- 2- 3 -
I - V , i -v , and I-V , p a i r i n t e r a c t i o n r e spec t ive ly 
( I represents the impur i ty) . I t follows t h a t overa l l 
i n t e r i n s i c d i f f u s i v i t y i s given by 
D^ = 0.5 [p^ + D "^*^ . D^" + D^^" + D "^^ ~] (2.4-1) 
where 0.5 i s a c o r r e l e r a t i o n fac to r for t r a c e r se l f 
diffusion in the zincblende l a t t i c e . 
Diffusion under e x t r i n s i c condi t ions r e s u l t s in a 
displacement of the Fermic l e v e l , and a change in the 
concentra t ion of the varioxis defect spec i e s . Consequently, 
the d i f f u s i v i t y for t h i s condi t ion i s given (11) by 
"""^ -M/°^ i;;^ ^^ ^ Ml'"^ -FT, 
3. [v^-] 
•*" ° i r- 3--1 (2 .4 -2 ) 
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I t must be recognised that the neutral vacancy 
concentration remains the same throughout the aemiconductor, 
since i t i s unaffected by the e lec t r ic field due to the 
impxarity concentration gradient. I t follows tha t the extr ins ic 
concentration of neutral vacancies will be equal to the 
concentration in the in t r ins ic material , which i s only 
a function of temperature. On the other hand, the concen-
trat ion of the various ionized s ta tes i s s t i l l determined 
by the position of the Fermi level , so t ha t the t o t a l defect 
concentration changes with shi f ts in i t s posi t ion. 
The ionized vacancy r a t i o can be determined using 
the law of mass action. Thus extr insic diffusion i s 
characterized by 
° = °i°^ V <-^> * v < ^ ' ^°i'- <Hf>'-
D i ' - i ^ ) ' ( 2 . 4 -3 ) 
where [^+1 r , 
r 1 '[v-T 
This equation i s further modified by a field enhancement 
factor which takes into consideration the in ternal ly 
generated e l ec t r i c field term (which is often ignored in 
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diffusion c a l c u l a t i o n s ) • Thus the e f fec t ive d i f f u s i v i t y i s 
given by 
'^ %° * °i' <Hf) D , „ « : h(D,° . v,- ^^) . D,- (s^> * D^2- (52-,^ 
Where h = 1 + f 1 -»- 4^ElI 1 -^> 
(2 .4 -4 ) 
y2 (2 ,4 -5 ) 
and N i s t h e volume c o n c e n t r a t i o n of d i f f u s a n t . 
Not a l l t h e s e t e rms a p p l y t o e v e r y s i t u a t i o n , s o 
t h a t o n l y r e l e v a n t t e r m s m u s t be c o n s i d e r e d . 
I t i s s e e n t h a t o n l y I -V i n t e r a c t i o n s a r e p r e s e n t 
d u r i n g t h e d i f f u s i o n of P - t y p e i m p u r i t i e s , s i n c e t h e Fermi 
l e v e l i s c l o s e t o t h e v a l e n c e - b a n d e d g e . By t h e same r e a s o n i n g , 
t h e d i f f u s i o n o f n - t y p e i m p u r i t i e s i s d o m i n a t e d b y 
i n t e r a c t i o n s w i t h t h e n e g a t i v e l y c h a r g e d s p e c i e s . T h i s 
e q u a t i o n ( 2 , 4 - . 4 ) i s g r e a t l y s i m p l i f i e d when a p p l i e d t o 
s p e c i f i c d i f f u s i o n s i t u a t i o n , 
2 . 5 EVALUATION TECHNIQUES FOR DIFFUSED LAYERS 
A number of measurements are required in the evaluation 
of diffused layers. Some of the important techniques used in 
practice are discussed below: 
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2.5.1 Junction Depth 
Routine evaluation of diffused layers Is re la t ive ly 
simple i f diffused layer forms a p-n junction with the 
underlying substrate . The depth of the junction (X.) can be 
delineated by grooving into tlie semi-conductor and etching 
the surface with a solution which reacts select ively with 
the two sides of the junction, thus result ing in a colour 
variation between p and n sides, p-type region stained 
darker than n-type region. With the aid of the interference 
fringe technique of Tolansky (12), the junction depth can 
be measured accurately from 0,5 to over 100 pm. 
2.5.2 Sheet Resistance 
I t i s not possible to specify r e s i s t i v i t y of a diffused 
layer, because i t i s not homogenous. For a layer of this 
type, a sheet resistance i s more approfjriate. The sheet 
resistance of a diffused layer can be measured by a four-
point probe technique, A geometric correction factor i s 
required to convert the measured resistance V/l into sheet 
resis tance. This factor is a function of sample siz«, shape, 
and the probe spacings. The sheet resistance R is given, 
by: 
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R„ = -7- C.F. (2.5-1) 
s I 
where R is the sheet resistance of a diffused layer (in 
- ^ / Q ) ; V is the measured dc voltage across the voltage probes 
(in volts). I is the constant dc current passing through 
the current probes (in amperes); C, P. is the correction 
factor. 
For a diffused layer, an average shpet resistance 
R is related to the junction depth Xj, the carrier 
mobility ^ and the impurity distribution G(X) by the following 
expression. 
Rg = -:;^  i (2.5-2) 
/ ' 
>ic(x)dx 
The depletion of charge carriers near XJ can be neglected 
in the above calculation. In general, the mobility is a 
function, of the total impurity concentration, and often an 
effective mobility is defined as; 
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X . 
J u rc(X)Jc(x)dx 
i^eff = ±^ != ^ — (2.5-3) 
C(X) dx L 
Equation(2,5~2) can be expressed as; 
R^  = i__ (2.5-4) 
^ >^eff / ' ^ C(X) dx i 
where q is the electronic charge. 
For a given prof i le , the average r e s i s t i v i t y , 
' r = Rg X. i s uniquely related to t-he surface concentration 
of the diffused layer and the substrate dopant concentra-
tion for an assumed diffusion prof i le . Design curve relat ing 
to the surface concentration and the average r e s i s t i v i t y 
HOT the average conductivity) have been calculated for 
sjbinple diffusion prof i les , such as exponential, Gaussian, 
or erfc d is t r ibut ion . They are often called Irvin Curves 
(13), For high concentrations and shallow diffusions, the 
diffusion profi les cannot be presented by these simple 
functions. The meas\ired sheet resistance and junction 
depth can not be used to find the impurity surface concen-
t ra t ion or calculate the d i f fus iv i t ies of the diffused 
layer with the Irvin Curves, 
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2,5,3 Profile Measurements 
The accuracy of diffusion model and i t s associated 
dif fus ivi t ies depends on the correctness of the diffusion 
profi le measurements which are indispensable in diffusion 
studies. The simple measurements of junction depth and the 
sheet resistance of a diffused layer, although useful for 
process monitoring, are grossly inadequate for diffusion 
study, A variety of techniques i s available for determining 
the p rof i l es . A few commonly used techniques for diffusion 
profiles measurements and the i r l imitations are discussed 
in the present section, 
2,5.3,1 Radio Tracer MettiOd 
A number of techniqueii for (14,15) determining the 
diffusion prof i le i s available, but probably th« most d i rec t 
i s the radio t racer method. The diffusion species used i s 
a radio active isotope of the dopant of In t r e s t and the 
profi le i s determined at the end of the experiment by 
sectioning the semiconductor s l ice and counting the amount 
of rqdio ac t iv i ty in each section. The technique i s 
accurate and rel iable but i s rather time consviming and 
requires the existence of a sui table isotope. 
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2.5 .3 .2 c-V Technique 
The C-V p ro f i l i ng method i s simple in use bu t cannot 
be used for p r o f i l i n g method (14) . Heavily doped layers 
cannot be conveniently measured and only s ing le layers can be 
considered. Also, C-V measurements are un re l i ab l e a t or 
near the surface of the s t r u c t u r e , due to the inaccuracy of 
deplet ion approximation near the boundary of the depl^fetion 
region. Thus, t h i s method i s r e s t r i c t e d a p p l i c a b i l i t y . 
2 .5 .3 .3 Di f fe ren t i a l Conductivi ty Technique 
Differential conductivity technique is one of the 
oldest technique for measuring the diffusion profiles in 
silicon by the electrical method (16), This technique involve 
repeatedly measuring the sheet resistance of a diffused 
layer by the four point brobe method after r-emoving a thin 
layer of silicon by anodic oxidation and etching the oxide 
off in HP solution. Because, the anodic oxidation is at 
room temperature, the impurity atoms do not move In the 
diffused layer during oxidation and there is no segregation 
effect, hence, a true distribution profile can be determined. 
To use this technique, either the Carrier mobility is 
measured by the Hall effect measurement or the resistivity 
versus Impurity concentration curves are used (17). 
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2 . 5 , 3 . 4 SIMS Technique 
Secondary Ion Mass Spectors-Copy (SIMS) (15) may be 
used to de te rmine the t o t a l impur i t y c o n c e n t r a t i o n by 
s p u t t e r i n g t h e Sample su r f ace and mass a n a l y z i n g the e j e c t e d 
n u c l i i . Accuracy of the method i s good and sample 
p r e p a r a t i o n i s e a s y . However, t h e minimum doping l e v e l 
which could be r e so lved i s of the o r d e r of 10 - 10 a toms / 
cm, 
2 .6 SPECIAL PROBLEMS IN SILICON DIFFUSION 
In t h e p r e s e n t s e c t i o n , some of the c a u s e s of d e v i a t i o n 
of the i m p u r i t y d i s t r i b u t i o n from simple one d imens iona l 
d i f f u s i o n t h e o r y , a r e d i s c u s s e d , 
2 . 6 . 1 E f f e c t of Oxide on i p p u r i t v R e d i s t r i b u t i o n 
I t has been foxind (18) t h a t i m p u r i t i e s i n s i l i c o n 
w i l l be r e d i s t r i b u t e d near a growing ox ide , t h i s r e q u i r e s 
t h a t some of the s i j b s t r a t e s i l i c o n i s i n c o r p o r a t « d i n t o t h e 
s i l i c o n d i o x i d e f i l m as th« p roces s c o n t i n u e s . The 
impur i t y atoms which were p r e s e n t i n the l a y e r of s i l i c o n 
consumed must t h e r e f o r e be r e d i s t r i b u t e d between the 
s i l i c o n d iox ide and the remaining s i l i c o n . The r e d i s t r i b u t i o n 
depends upon t h e r e l a t i v e s o l x i b i l i t y of the i m p u r i t y i n 
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sil icon and si l icon dioxide, in the case of boron the 
impurity i s more soluble in the oxide than s i l icon . As a 
resul t , the concentration of boron on the s i l icon side of 
the si l icon - si l icon dioxide interface is reduced. This 
process, known as the gattering, i s often employed to 
reduced the to t a l number of impurities during the drive-in 
step in order to increase the final sheet r e s i s t i v i t y , 
A danger implici t in boron gattering i s the poss ib i l i ty of 
inversion of the impurity type of a l igh t ly boron doped 
surface to n-type because of the surface depletion of boron. 
To avoid inversion, the surface concentration of boron 
profi les must remain re la t ive ly high. For th is reason, 
base and res i s to r p-type diffusion sheet resistances are 
limited to approximately 200 ohm per square, 
Huang and Welliver (19X have investigated the problem 
of boron redis tr ibut ion dxiring the oxide growth, and have 
found that in extreme cases as much as 8(f^ of the predeposited 
boron can dissolve in oxide. 
The opposite effect, an impurity build up in the 
s i l icon, occurs when the impurity i s less soluble in s i l icon 
dioxide than in s i l icon, t h i s s i tuat ion, which pertains to 
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the case of phosphorous cause the so called "snowplow" 
effect and leads to a s teadily increasing surface concentration 
as oxide growth proceeds, 
2.6.2 Lateral Diffusion Effects 
In practice diffusion in micro-circuits is always 
carried through windows cut in the mask that is placed on 
the s l i ce . The one dimensional diffusion equation represents 
a sat isfactory means of describing this process, except a t 
the oxide edge of the mask window. Here the dopant source 
provides impurities which diffuses a t r ight angles to the 
semiconductor surface as well as para l l e l to i t ( i . e , 
l a t e r a l l y ) . I t is seen tha t the l a te ra l penetration i s about 
75-85% of the penetration in the ver t ica l direction for 
concentrations tha t are two or more orders of magnitude 
below the surface concentration. 
2.6.3 Emitter Push EffiBCt 
In n-p-n narrow-base t rans i s te r s using phoaphorous 
diffused emitter and boron diffused base, the base region 
under the emitter (phosphorous) region i s deeper than tha t 
outside the emitter region by 0,2 ^o 0»6 jxm» This phenomenon 
i s called emitter push effect . 
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Seve ra l p o s s i b l e e x p l a n a t i o n s of t h i s e f f e c t have been 
proposed ( 2 0 ) , I t appears most l i k e l y t h a t s t r a i n i n g the 
l a t t i c e by t h e h igh c o n c e n t r a t i o n of i m p u r i t i e s i nvo lved . 
This p r o p o s i t i o n s was suppor t ed by exper iment ( 2 1 ) , This 
e f f e c t l eads to ve ry s e r i o u s l i m i t a t i o n i n t h e f a b r i c a t i o n 
of high frequency t r a n s i s t o r s which r e q u i r e s c l o s e spac ing 
between two d i f f u s i o n s , 
2 ,6 .4 The E l e c t r i c F i e l d Ef fec t 
When donor or a c c e p t o r i m p u r i t i e s e n t e r the s i l i c o n 
c r y s t a l , t h e y become ion ized consequen t ly a l o c a l e l e c t r i c 
f i e l d i s s e t up between the i o n i z e d i m p u r i t y atoms and the 
e l e c t r o n s o r h o l e s . The c o n c e n t r a t i o n g r a d i e n t of t h e s e 
i on i zed i m p u r i t y (donors o r a c c e p t o r s ) p roduces an 
i n t e r n a l e l e c t r i c f i e l d t h a t enhances t h e d i f f u s i v i t y of 
the, i o n i z e d impur i t y a toms. 
D e t a i l e d c o n s i d e r a t i o n of the problem of t h e motion 
of donor o r a c c e p t o r ions i n a semiconductor (22) l eads t o 
a modified formula for the f l i ix of t h e i o n s . 
F = - D 1 r H-4(nj^/C) 
^ (2 ,6 -1 ) 
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where C i s t he c o n c e n t r a t i o n of the ions and n^ deno tes the 
c o n c e n t r a t i o n of e l e c t r o n s o r ho l e s i n a semi conduc tor 
c o n t a i n i n g no donors o r a c c e p t o r s a t a l l , a l l the t empera tu re 
of d i f f u s i o n s -
Equat ion (2 .5 -1) can a l s o be w r i t t e n a s 
F = - D e f f (2 .6 -2) 
wbere 
D e f f D 1 + v/l+4(nj^/C) T^ x 2 
i s the e f f ec t i ve d i f fus iv i ty of the impur i t i e s , which 
incorporates the e f fec t of the b h i l t in e l e c t r i c f i e l d . 
At a given temperature, hence a t a given value of n^ ,^ i f the 
impurity concentra t ion i s r e l a t i v e l y low, i . e . C^^ n . , 
D jpg = D. Thus, the b u i l t i n f ie ld has no e f f e c t . In the 
opposite case, when the impurity concentrat ion i s high, i . e . 
C » n . , D^ff = 2D. Thus the e l e c t r i c f i e ld can br ing about 
an e f fec t ive doubling of the diffusion coe f f i c i en t . 
CHAPTER-3 
MODELLING OF BORON- DIFFUSION 
3,1 INTRODUCTION 
Modelling and simulation of the fabrication steps 
used in IC technologies is a quickly developing area of 
research, principally because of the following important 
reasons(24), 
(a) The number of possible combinations of the processes 
is too large and hence all of them cannot be persued 
experimentally, Wierefore, it is essential to screen 
the possibilities and try only the most promising ones. 
(b) For the high performance devices, it is important to 
study the process sensitivities. Computer models make 
such a study possible, 
(c) For small geometry devices it is essential to consider 
the two dimensional effects, becausevOthecwise the 
correct prediction of the device performance would 
be difficult. 
All the important fabrication steps need to be 
modelled. However, in this work, the modelling of diffusion 
only will be considered. Diffusion of Boron into silicon 
has briefly been discussed on the basis of the simple 
diffusion theory in chapter 2, Prediction of a diffused 
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layer* in principle, involves the solution of the 
differential equation. 
.ic_ . 0-^ 2c 
^^ Bx' 
under appropr ia te i n i t i a l and boundary cond i t ions . 
However, i t has beenfound t h a t the p r a c t i c a l r e s u l t s 
seidom coincide with the above theory and thus various 
•anomalous* e f f e c t s are observed. In general i t has been 
seen tha t in most of the cases , *D* i s a function of 
loca l impurity concentrat ion and hence the d i f f e r « n t i a l 
equation may be modified to ((25) 
"bt '^ x 
D(C) ^ ^ S ^ 
^ X 
Thus an important aspec t of modelling the diffusion 
p ro f i l e i s the determination of D(C), Several techniques 
for i t s p r a c t i c a l determination e x i s t , viz p-n juc t ion 
techniques, radio-chemical techniques, Surfad* concentra-
t ion techniques and e l e c t r i c a l p r o f i l i n g techniques . They 
have been c r i t i c a l l y reviewed in ref ' , (26 )^«(one of the most 
useful techniques i s t ha t of ex t rac t ing di f fus ion coe f f i -
c i en t s from the impurity p r o f i l e using- Bottzmann iftatano 
ana lys i s , which has been described in d e t a i l by IJ%e^27), 
However, a p a r t from the loca l concentrat ion dependence 
of the diffusion coef f i c i en t , several o ther anomalous 
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e f fec t s are found in the diffusion of various impur i t i e s . 
To understand these e f fec t s i t i s important to understand 
the fundamental diffusion mechanism of impur i t ies in s i l i c o n . 
Out of the several poss ib le diffusion mechanism, i t has been 
concluded t h a t boron, phosphoroxis and arsenic diffuse 
predominantly by one of the following two mechanism, 
(a) Vacancy mechanism : In t h i s mechanism an impurity 
atom diffuses by Jumping in to a vacant l a t t i c e s i t e known 
as a 'vacancy*, leaving behind another Vacancy ready to 
be occupied by another Impurity atom. 
(b) I n t e r s t i t i a l c y mechanism: In t h i s mechanism an i n t e r s t i -
t i a l atom Ian atom)occupying the space between l a t t i c e atoms 
known as i n t e r s t i c e s f i r s t d i sp laces ,a .ne ighbour ing . l a t t i ce 
atom in to an adjacent i n t e r s t i t i a l s i t e «nd occupies the 
l a t t i c e previous ly held by the displaced atom* 
I t has not so far been poss ib le to conclude d e f i n i t e l y 
which of the two mechanism i s pre-dorainant in the cases of 
d i f f e ren t impurie*. because of t h i s bas i s l i m i t a t i o n . The 
diffusion of commonly employed impur i t ies has not been 
completely understood q u a n t i t a t i v e l y . 
3.2 Kink Formation 
At low surface concentrat ion ( ^ 10 cm" ) , Boron 
diffusion undor non-oxidising condi t ions genera l ly produce* 
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diffusion profiles consistent with the simple diffusion 
theory discussed earlier (29,30), At high surface 
concentration, the shape of these profiles deviates 
from the theoritical ones ^20,31). It has been shown 
that the electrically active boron profiles changes 
from complementary error function shape to flat topped 
shape with the onset of a *kink* as the surface concen» 
tration is increased, (32,33). Under oxidising conditions, 
diffusion appears to be enhanced andbecomes anisotropic, 
even at low surface concentrations. Several attempts 
have been made, and are still continuing to understand 
these effects. 
Several models have been studied toj^ a number of 
workers. Thai (34,35) suggested that the concentration 
dependence of D is related to plastic deformation and 
degeneracy. He proposed a quantitative theory to model 
the diffusion coefficient in terms of two enhancement 
factors one arising plastic deformation and the other 
from internal field. The validity of this model has been 
critised by H\a (26), Several other workers (26,36) 
proposed the interaction of B" ions with positively 
charged defects. A quantitative model based upon this 
has been proposed by "SJsirO?), He has collected information 
on the concentration dependent diffusivity D(c) based 
upon the studies of several workers and has observed 
the following relationships 
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-2i£l - — £ - (3.2-1) 
where D. is the intrinsic diffusion coefficient and HJ 
is the intrinsic carrier concentration. This relation-
ship suggests the following mechanism; the interstitialcy 
mechanism, the vacancy mechanism, the vacancy mechanism 
and the divacancy mechanism. He argues, on the basis of 
the results presented by Van vechten (38) that the ratio 
of the interstitials to vacancies under equilibrium in 
S. near the melting point would be of the order of 10*" 
or less, with regard to the divacancy mechanism. Several 
workers (26) have argxied that in silicon at high tempera-
ture, thermal equilibrium should favour the formation of 
monovacancies and divacancies will dissociated rapidly 
after their creation. Further, on the basis of the 
arguments of the Van Vechten (38) and others. Fair has 
postulated that boron generally diffused by interacting 
with donor type monovacancies (V ) with an electronic 
energy level at E^ + 0,37 ev (E^+), 
Thus this model concluded the following 
relationship! 
i "i f ^i] ^ + e^cpf (Ey+ ^ ^Fi^lf D 
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, _ l l f ! d ^ ! ^ l l i ? ^ (3.a.2, 
1 + exp/(2., - E„i-)/KTj 
Fair has claimed tha t t h i s model p red ic t s b^ron diffusion 
prof i l es , under non-oxidisinq condit ions which are found 
to be in exce l l en t agreement v/ith experimental ones, lie 
has also given approximate r e l a t i o n s h i p between junct ion 
depth X., surface concentrat ion C^ and sheet r e s i s t i v i t y 
f^, as follows: 
i_—-. = 1.225 / c ^ / n , (3.2-3) 
^•p: 2 ID. t J ^ 
^ 2 . 7 8 X 10 (3^2 -4 ) 
Ts o^ X. 
i'air's model, however is based upon the diffusion of only-
one species. This is incapable of explaining more advanced 
phenomenon lik2 proton (33,39) enhanced diff ision and the 
>,ink formation. Recently, multistream diffusion mechanism 
has been considered to model boron diffusion into silicon. 
In the most practical case, in which boron is diffused into 
lightly doped n-type silicon, it is shown (40) that the 
following diffusion equation will adequately describe the 
boron diffusion profile. 
\k • [it''-'] 1 | ^ = D . | ! ^ | c , -{ ^ + 1 (^:r^)% 1 I A ] (3.2-5) 
This equation could be described as a diffusion equation 
VNfith "concentration dependent" d i f f u s i v i t y . 
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3.3 Redis t r ibut ion of Impuri t ies During Thermal Oxidation 
During therm:il oxidation the impuri t ies in the s i l i con 
are r e d i s t r i b u t e d , some impurity atoms are incorporated 
in the grov/ing oxide and other diffuse to nev; loca t ions in 
the s i l i c o n . The important parameters governing impurity 
r e d i s t r i b u t i o n during thermal oxidation ard the segregat ion 
coef f i c i en t (n), the r a t i o of the diffusion coe f f i c i en t in 
the s i l i con and s i l i con dioxide, and the r a t i o of the para-
bo l i c ra te constant of the oxida t ion . Impuri t ies one 
d i s t r i b u t e d during thermal oxidation in the region near 
-^he surface and the extant r e d i s t r i b u t i o n ranges from 
pi leup to depl^.tion and depends on a number of f a c t o r s . 
In general , values of n ^ l m i^an tha t the growing oxide 
r e j e c t s the impurity and causes i t s concentrat ion in the 
s i l i con adjacent t o the oxide-s i l i con i n t e r f a c e . Erama 
e t a l (41) pro.josed a model tha t provides an experimental 
study of the boron r e d i s t r i b u t i o n under oxidizing condi t ions 
and various models suggested have oeen compared. 
A model for the r e d i s t r i b u t i o n of a compleihentary 
e r r o r function boron p rof i l e a f t e r d r ive- in oxidis ing a^imos-
phera was presented by Kato and Nishi (42). This model which 
u- . i l izes the method of Green's function can provide an accurate 
Solution of the problem. However i t i s computationally 
d i f f i c u l t to implement and i s of r e s t r i c t e d a p p l i c a b i l i t y for 
general use . Subsequently, a fev; more models, namely cave 's 
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model and Huang, and Wel l ive r ' s model were put forward, 
A good comparision of these models i s given by Allen and 
Atkinson (43) , G. Masett i e t a l (44) have modified the 
Kato and Nishi model making use of the mathematical theory 
of the conduction of heat in a Semi- inf ini te medium with 
r ad ia t ion from the plane boundary. This i s a f a i r l y simple 
model and has overcome the l i m i t a t i o n s of the o r ig ina l Kato 
and Nishi model. 
Another approach to model the same was used by Guckel 
and Hall(45) by transforming the diffusion equation to a 
moving reference frame and subsequently using the Laplace 
Transform method. This technique may provide a simple 
solut ion to the problem, provide t h a t a number of s impl i -
fying assumptions are made. However, using t h i s technique 
i t i s poss ib le to determine the amount of boron leached 
out of s i l i c o n during the dr ive in cyc le . I t has been shown 
t h a t the ca l cu l a t i ons agree with experimental r e s u l t s with 
a f a i r degree of accuracy. Thus the t o t a l amount of boron 
l e f t in s i l i c o n a f t e r the d r i v e - i n cycle may e a s i l y be 
used to ca l cu la t e the f i na l boron d i s t r i b u t i o n , assximing 
a Ganssian p r o f i l e . The same technique used in the reverse 
order may be applied to design the two s tep boron diffusion 
pxx>cess. One important observat ion confirmed experimental ly, 
i s t ha t most of the boron, as much as 8094 of the t o t a l , i s 
usual ly leached out of s i l i c o n in the i n i t i a l few minutes 
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of the oxidis ing cyc le . nierefore oxidation - etchoxide 
- oxidation cycles may be used to reduce the t o t a l amount 
of boron present in s i l i c o n . Another model has been 
presented by A,^  - Ron e t a l (46) but i t i s l imited to 
the r e d i s t r i b u t i o n of a uniformly doped sample. 
Recently, numerical methods used upon the in t eg ro -
d i f f e r e n t i a l formulation of the conservation law have been 
used to simulate the problem of r e d i s t r i b u t i o n of boron 
under oxidis ing condit ions (47). The cont inu i ty equation 
in one-dimension may be wri t ten as 
= ^^^^right - ^ l ^^ l e f t ' 
L 
r i g h t 
4J-G)dx (3.3-1) 
reft 
where u i s the recombination ra te and G i s the generat ion 
r a t e . The advantage of t h i s technique i s t ha t e f fec t s l ike 
generation - recombination e f f e c t s , mul t i -species i n t e r -
ac t ions , mixed media and concentrat ion dependent d i f fus iv i ty 
may be taken in to account by ai.:)propriately modell inglX G 
and the f lux. Also, i t has been suggested tha t the segrega-
t ion process may not be in equil ibrium during oxida t ion . 
This e f fec t can be considered in the above metfiod by 
including a f i r s t - o r d e r k ine t i c model assuming tha t the 
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equilibrium of the segregation across the silicon-oxide 
interface i s achieved in a flux limited manner. I t has 
been claimed that good agreement between theory and 
experimental resul ts i s achieved, 
3.4 Anomalous effects of Oxidation on Boron Diffusion 
Anomalous effects of oxidation on boron diffusion 
have been observed ear l ier and have been extensively 
studied by several workers. I t i s observed that under 
oxidising conditions, the diffusion is enhanced and 
the degree of enhancement varied with the surface 
orientation of the crys ta l , increasing in ^ e order 
< 111>, <^  110> and <100>. Allen et a l(21) , suggested 
that the origin of the enhanced diffusion was defects 
generated at the interface with the oxide and caused 
by e i ther a mis-match s t ress or a vacancy imbalance 
during oxidation, Allen (48) concluded af ter certain 
experiments, that (i) the small difference in oxide 
growth rate between ^ 111> and ^ 100y> orientat ion 
cannot cause the observed difference in diffusion 
enhancement? ( i i ) the presence of oxide i s not sufficient 
to cause enhanced diffusion in < 100> s i l icon, but the 
oxide must be growing; ( i i i ) the number of boron atoms 
transported in the oxide by diffusion is negligible in 
comparision with those transported by the segregation 
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effect and the coefficient is independent of orientation, 
Okamura (49) reported that the junction depth in < 100 > 
silicon increases with the oxide thickness, indicating 
an influence of the oxidation rate on the boron diffusion 
coefficient. However, the findings of other workers are 
opposite to this and no effect of oxidation rate on 
diffusion coefficient is found(50), 
Masethi et al(51,52) concluded that all their 
experimental data could be very well described in terms 
of redistribution phenomenon by making use of the modi-
fied Kato and Nishi model, assuming two different 
diffusion coefficients. The first diffusion coefficient 
is to be used for boron diffusion in both ^ 100> and 
^ 111> orientation under inert atmospheres and for <.111> 
orientation under oxidising atmospheres. The second, 
roughly twice that of the first, is to be used for < 100 > 
silicon under oxidising conditions. They also showed 
that these diffusion coefficients are indepdetv3ent of 
oxidation rate and redistribution phenomenon. The anis-
otropy only depends upon the presence or absence of the 
oxidising atmosphere during diffusion. Also, they argued 
on the basis of their experiments that explanations based 
on the influence of dislocations on the diffusion cannot 
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be accepted, lEhey also confirmed tha t the segregat ion 
coe f f i c i en t i s indepdendent of o r i en t a t i on and oxidation 
r a t e . As regards the temperature dependence, Mesett i 
e t a l (53) showed t h a t the above diffusion coe f f i c i en t s 
under dry oxygen atmosphere could be described by an 
Arrhenus law of the form and t h a t an average value of 
0,4 for segregat ion 
D « D^ exp ( E / K T \ (3,3-2) 
coef f i c ien t could be used in the modified Kato and Nishi 
Model, in a temperature ran^e of 950 to 1200°C, 
Sanders e t a l (54) and Dobson (55) proposed a 
quan t i t a t i ve model to explain the e f fec t s of oxidat ion 
on diffusion, assuming the mass t r ans fe r i n S. to be 
responsible for ctoserved behaviour . They showed tha t for 
an i n t e r s t i t i a l c y mechanism, an equation descr ib ing the 
p r o f i l e s can be r ead i ly derived, while for a vacancy 
mechanism the concepts of i r r e v e r s i b l e thermodynamics 
and k i n e t i c theory may be used. He a l so presented a model 
based on s imi l a r l i n e s , assur ing t h a t the thermal oxidat ion 
i s genera l ly in complete, producing free s i l i c o n atoms 
which become i n t e r s t i t i a l s and thus supersa tura te the 
l a t t i c e . He has derived a t h e o r a t i c a l expression for 
ca l cu la t ing e f fec t ive d i f f u s i v i t y . 
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^igh surface concentration phosphorous diffusion 
is well known to produce the "anomaly*' of a fast-diffusing 
tail (56-58), A similar phenomenan has been indicated recently 
for boron (59-62). Processing designed to yield shallower 
and more conducting base regions in devices (lower tempera-
ture and higher surface concentrations) gives boron profiles 
(61) that are not predicted by current processing simulation 
programs, such as SUPREM III (63), These computer programs 
ignore the possibility of any tailing in boron. No published 
model has claimed to show this effect for boron. The model 
proposed by Yoshida (65) did not consider the contribution 
of self interstitials at all, while Mathiot et al (64) and 
Harris (66) incorrectly concludes that interestitials are 
unimportant contributors to dopant diffusion. 
Recently a new model to accovint for the observed 
enhanced diffusivity in the tails of the profiles has been 
proposed by Morehead and Lever (67) which successfully 
accounts for the recently described effect in bozon diffusion 
The model assximes (1) local equality of flux of the dopant 
(carried by impurity - Interestitial pairs) and the opposite 
flux of the unpaired interstitials and (2) domination of 
vacancies by the interstitials with vacancies determined 
by the equilibritim relation 
1^ W "-1 W (3.3-3) 
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Where C* represen ts concentra t ion, I a f^lV i n t e r s t i t i a l s 
s 
and vacancies , and the super sc r ip t eq, i nd i ca t e s the 
thermal equi l ibr ium value . This model p resen ts useful 
shor teu t for the solut ion of very p r a c t i c a l , one dimen-
sional problems in which a l l of the parameters used can 
be estimated independently. 
CHAPTER.4 
DEVELOHyiEyiT OF MODEL FOR BORON DIFFUSION INTO SILICON 
4 . 1 INTRODUCTION 
Recent ly a f a i r l y a c c u r a t e model has been proposed 
by J . R , Anderson and J . F . Gibbons, The model i s based on 
the d i f f u s i o n of m u l t i p l e s p e c i e s and assumes t h a t the 
dominat ing s p e c i e s i s a n e u t r a l boron-vacancy p a i r (B^V ) , 
Ana lys i s of the model shows t h a t when CB i s n o t the dominant 
s p e c i e s , t h e s o l u t i o n of the d i f f u s i o n e q u a t i o n fo r c o n s t a n t 
su r face c o n c e n t r a t i o n i s a complementary e r r o r func t ion 
when Cg i s the dominant s p e c i e s dur ing a t l e a s t p a r t of 
the d i f f u s i o n , the d i f f u s i o n e q u a t i o n must be so lved 
n u m e r i c a l l y . The d i f f u s i o n e q u a t i o n to be so lved i s 
(4.1) Himi 
An attempt has been made to solve the diffusion 
equation. A number of techniques eg. the d i rec t method 
of f in i te differences, the number of f in i te elements, 
and the crank-Nicolson method may be us^d for the solu-
tion of th i s type of the V%onlinear diffusion equation. 
In th i s case, the d i rec t method of f in i te differences 
for calculating the boron impurity dis t r ibut ion in s i l icon 
has been used. 
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4,2 Andersons e t a l*s Model 
I t has been known since the e a r l y work of 
Watkins(68,69) t h a t vacancies in a s i l i con c r y s t a l can e x i s t 
in several charge s t a t e s . Van Venchten and Tliiunnond (70,71) 
have used t h i s f a c t to expal in the observed thertnodynamlc 
behaviour of s i l i c o n and o ther semiconductors. In p a r t i c u l a r , 
they have shown t h a t the four poss ible s t a t e s of a s ingle 
vacancy, (V ,V*',V", v" ' ) have a fixed energy l eve l in the 
energy gap, and the number of vacancies in any charge s t a t e 
i s a function of the Fermi l e v e l . 
More recen t ly , Pair(2»7'' has shown t h a t boron diffuses 
rap id ly in s i l i c o n tha t i s heavi ly p-type and very slowly 
in heavily doped n-type m a t e r i a l , tt'e r e l a t e s t h i s to the 
r e s u l t s of Van Venchten and Thurmond by observing tha t in 
p-type ma te r i a l most of the vacancies are the V s t a t e , 
while in n-type mater ia l they are in the V~ or V"*" s t a t e , 
^ince the s u b s t i t u t i o n a l boron impurity i s negat ive ly char-
ged, i t i s assumed to i n t e r a c t with V to cause d i f fus ion . 
The work Anderson e t a l i s an at temt to incorporate 
these and o the r observat ions in to a model from which the 
boron impurity p ro f i l e can be ca lcula ted for cases of 
p r a c t i c a l i n t e r e s t . For t h i s purpose we f i r s t consider 
a two stream diffusion process in which B and B V p a i r s 
are the d i f fus ing spec ies . The equations descr ib ing the 
diffusion of these species are 
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2 
^ =« - D3. ^ ^ ! ^ S _ * ^Bv-^o g ? ' ^ ^ 4 . a . 2 
"St ^ -^ x^  • ( ; 
where Cg„ i s t he c o n c e n t r a t i o n of B"V"*' coj^iplexe* and 
Dg^ i s t h e i r d i f f u s i o n c o e f f i c i e n t t C and C^+ a r e t h e 
c o n c e n t r a t i o n s of non complexed boron ( B " ) and p o s i t i v e 
v a c a n c i e s , r e s p e c t i v e l y ; and K- i s a thermodynamic r a t e 
c o n s t a n t . The d i f f u s i o n c o e f f i c i e n t f o r non complexed 
( i . e . , s u b s t i t u t i o n a l ) bo ron , denoted by Dg*, i n c l u d e s the 
p o s s i b i l i t i e s of f i e l d - a i d e d d i f f u s i o n and d i f f u s i o n by 
i n t e r a c t i o n w i th n e u t r a l v a c a n c i e s f o r t h i s s p e c i e s (22) 
We n e g l e c t f i e l d - a i d e d d i f f u s i o n of the B'V"*" p a i r because 
i t i s charge n e u t r a l * 
The thermodynamic r e a c t i o n by which B'v"*" p a i r s a re 
formed can be d e s c r i b e d by 
B " + V%—> B'V"*" 4 . 2 - 3 
Which l e a d s t o an e q u i l i b r i u m mass - ac t i on r e a c t i o n of 
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the form 
^ B V _ ,„ x-1 
= (KQ) * « KQ exp (-Eg^ /KT) 4.2-4 
Sv 
where E_^ is the association energy of•th^ B^ pair. 
Departures from equilibrium are represented in Eqs, 
(4,2-1) and (4,2,-2) by simple first order kinetics and 
described by a single lifetime, 
Tb study a limiting case, we now assume only that 
the B^V pair can diffuse; or, equivalently, that Dg^ is 
zero. The effect of this assximption is that the distribu-
tion of non complexed boron will be determined entirely 
by the decay of the diffusing B'V pairs, and can be obt-
ained from 
^ ^ B ^ S v -^oS'^V'*' 4.2-5 
"at n 
which i s simply Eq, (4.2-2) with Dg^ • 0, Eq, (4.2-1) may 
then be rewr i t t en 
p v/ ov - B 4 .2-6 
To obtain Cg, a r e l a t i onsh ip between Cg and C must now 
be der ived. If we assume t h a t the thermodynamic reac t ion 
i s always e s s e n t i a l l y in equi l ibr ium, t ha t i s 
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O Sv / / <^Sv ^oSS^ 4 .2 -7 
at t 
then C„,, and C„ mtiist obey Eq, (4,2-4) 
n V D 
Sv » V B V 
Furthermore, C^+ may be expressed in terms of the 
neut ra l vacancy C^ O and the fermi leve l E^ as 
V CyO exp (E^+ - S^ / KT ) 4 . 2 - 8 
J. 
where E^+ i s the enrgy leve l of the p o s i t i v e l y charged 
vacancy. 
The Fermi level i s in turn determined from the 
charge n e u t r a l i t y equation 
N^+ p - n + Cg+ N^, 
giving 
exp ( - E ^ | K T ) = j N^ exp ( E ^ KT) 
a^ - V -ILS-^^B +«a-Nd> 
where N, and N are the background dijnor and acceptor 
d e n s i t i e s , r espec t ive ly , N^ i s the valence-band densi ty of 
s t a t e , and E^ i s the energy a t the top of the valance 
band. The concentrat ion of charged vacancies i s too small 
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to effect the charge neutrality equation, so it has 
not been included in Eq, (4,2-9), 






1 V ^ a - N ^ -. l/V^a-NdA. _ 21 
\ 
/ KoNv V 
" • • r ^ = (-
^^ V-^ BV ~ V ) / KT 
¥2 
+ n. r4,2-10 
Now if we assume that Cg'^ "^  C_^ , which will be generally 
be the case, then differentiation of Eq. (4,2-10) shows that 









(^ A )^^  < n) 
4.2-11 
In certain special cases of practical importance it reduces 
to the standard diffusion equation and a complementary 
error function solution will be obtained for a eonstant 
source diffusion. These cases may be described as follows* 
(a) In heavily doped & type silicon, where N^^C_#n.,Njj, 
'B 'B [• Cp £rfc |x/2 (D + 'e)V2 P '1 4.2-12 
concentration. 
where D + n (Na/Nj.) D^ ^ and C^ is the surface boron 
concentration. 
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(b) In intrinsic silicon where n.>>^o N N. 
Similar form of solution is obtained t 
r 2^] 
Ca » Cg" erfc 1 x/2 (D^ t) 4.2-13 
but now D^ «= (n^/Nj^) Dg^ and the surface boron concentra-
t ion i s CB" . 
(c) F ina l ly , in heavi ly doped n-tjqpe s i l i c o n , ^d^'^^B 
n , , Na and 
Cg - C» er fc rx/2 (D^^ t ) ^ ^ ! , 4,2-14 
where D +^ - ( n^/N^N^) D^^ 
s u b s t i t u t i n g Eq, (4.2-10) in to Eqs(4,2-12> - (4.2-14) 
y ie lds a tjeneral expression for the apparant diffusion 
coeffc ient 
Another useful expression for D^ may be found by combining 
Eqe, (4.2-12^ - (4 .2 -14) . 
Different values for the apparant diffusion coef f ic ien t 
are obtained for each case and t h a t D +'>^^4'»Djj+« We 
should a l so po in t out t h a t , in every heavi ly n-type mater ia l 
D + may become so small t h a t boron diffusion by neut ra l 
vacancies perhaps cannot be neglected. 
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The most common p r a c t i c a l s i t u a t i o n , of course, i s 
one in which boron i s diffused in to l i g h t l y doped n-type 
ma te r i a l . Then we have Cg\ \n . , N, near the surface and 
n.V^C N a t the leading edge of the d i f fus ion . In t h i s 
case the equat ion tha t be solved i s From Eqs (4,2-11) 
and (4,;^-l3) • 
. s D 
Bt i^i:-[ii-m' 
This equation could be formally described as a diffusion 
equation with "Concentration dependent** dlffusivity. 
on Where C- » Boron concentrati 
D. » Diffusion coefficent 
n. » Intrinsic density 
X » Distance 
t = Time 
4.3 ENVELOPMENT OF ALGORITHM 
The numerical calculation has been developed on 
the computer by the diirect method of finite differences. 
Let us assume 
^ m D^ 4.3-1 
C - «^ 4.3-2 
and V^  "^^ • S '••^ -^  
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Subs t i tu t ing Eqs, (4 .3- l> , (4 ,3 -2 ) , aral (4.3-3) in 
expression (4.2-15) We obtain 
JLZ. 
^t i - ^ v 2 ^X^ 
2 ^ 
\\JTj 2"T7 [V2h^  j J 
ir'-IJ- P^^^l (4 .3 -4 ) 
The initial and boundary conditions are approximately 
given by 
v(Oi.t) « Cg (4.3-5)a 
v(po,T) - O (4.3-5)b 
^<^'0> = ^ (4 .3-5)c 
Di f fe ren t i a t ing equation {4^3-.if) we obtain 
'^v . 2 
^v 2 or «i-J^ «_/ 
t 2v+iii2vli. yiTT" 1^ 
^ (V) 3V+y(v) /'l^-'j (4.3-6) 
Where 0 (v) • 2v + '^ "^^ ^^ ^ 
v/T^ 1+v 
and l//(v) - 2 + -^ ^^^ t?> • 
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The derivative In expression (4,3-6) are replaced by the 
following f in i te difference 
vJ+1- v f (4 .3 -7 ) 
•^v 
n ..n 




n o. n . . n (4 .3 -9) 
Substituting (4,3-7), (4.3-8) and (4,3-9) in 
expression (4,3-6). we obtain 
,n+l - V? rn 
K 
0 (vj) ] - i±i i -2V° + v? iiH 
n+l - V^ ** «o(-|- )2J (vj ) . Vj^j -2VJ + vj^^ 
r V -^t<^?) j^J^l-^ 
52 
<' - 5^: • o^ r^  <^2' [•;« -'"" 
+ c<V'»^ Vi' .^  ^;« - v ; 
where r «» ——-«-
h^ 
h is the spacing step in micron, k is the time 
step. Left side of Eq, (4,3-10) consists of the 
impurity concentration at the (n+1) -th time step 
It has been denoted by the symbol V(I), the right 
side of Eq, (4,3-10) consists of the impurity concert-
ration at the n-th time step, following symbols were 
used, 
u(i) . v2 , u(i*l) - vj^j^ „(j.j, . ^ n_^ 
Rewriting (4,3-10) with the above notat ion i t gives the 
following form, 
2 
V(I) = U(I) -ir di^fSS (UI) J u d + l ) - 2U(I) + U(I-l)l 1" 
•»• o^Vftui) I u(i+i)-u(i)V (4,3-11) 
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The abovd expressions has been developed on our VAX-11/780 
computing system for determination of diffusion prof i les 
after the diffusion process. The values of K#h have been 
chosen to ensure the calculation processes to have a 
stable and small error. 
The following relat ion roust e x i s t to ensure the 
above conditions, 
h ^ 
Where D , is the laf-gest diffusion coefficient in 
max 
each diffusion case. The numerical solution with 
above condition have been calculated and compared 
with the experimentally obtained profile. After that 
the values of K,h have been corrected to ensure the 
error between theoretically calculated experimentally 
obtained profiles to be small. If D^^ _ K ^^^ ^^j^^^ 
1 ^ 
about , then it has been found that there is a 
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good agreement between theoretically calculated and 
experimental results. Results for different data used 
for detensiiuation of diffusion profiles after diffusion 
process of has been discussed in Chapter 5 • complete 
listing of the program is given as Appendix A. 
CHAPrER-5 
RESULTS /iND CONCLUSIONS 
5 . 1 RS3ULT3 
A complete program on VAX-11/780 computing system 
has been developed for determination of diffusion profiles 
after the diffusion process. This program has been tested 
using a number of profiles obtained experimentally by 
various workers and the results analysed. 
Jhe value of Intrinsic density and Intrinsic 
nceritration v^ ere a'/ailable from the source paper of 
•^ iir (72) and the other data were taken from the source 
oapar of mo"":els or references indicated in them. 
^ The model proposed by Anderson and Gibbons was 
run with the data available in literature and the results 
analysed. From that it has been found that there is a good 
agreement betv/een the theoretically calculated results 
and experimental results. It gives flat out character-
istics which is experimentally found in boron diffusion. 
The experimental deteinnined profiles by S. Mackawa 
et al were also obtained with the help of our program 
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and the results analysed. From that it has been found 
that there is a reasonable agreement between the theore-
tically calculated and experimental results if certain 
minor modification in intrinsic density is made. 
DIFFUoION PR0FIL2 NO.l 
Profile llo.l, shov/s high surface concentration 
boron profile experimentally obtained by J.H. Anderson 
et al. It may be seen that there is a good agreement 
between the theoretically, and experimental results for 
the following set of parameters. 
.)if ilusion time , t = 25 hours 
diffusion Temperature , T = 1250 C 
20 3 
surface Boron concentration , C =1.4x10 per cm 
19 3 
I n t r i n s i c :J'ensity , n.=3xlO per cm 
-12 2 
I n t r i n s i c Diffusion , D.=3.6xl0 cm per s e c . 
C o e f f i c i e n t •"" 
The r e s u l t for the above parameters a re given 
in T a b l e - 1 . 
JIFFUGIQN PROFILE 'dQ>6. 2 t o 4 
P r o f i l e Nos. 2 t o 4 shows high s u r f a c e c o n c e n t r a -
t i o n boron p r o f i l e es^periraentally o b t a i n e d by S.MackawA. 
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et al. It may be seen that there is a reasonable agreement 
between the theoretically calculated results and experi-
mental results if certain minor modification in intrinsic 
density is made. Following data were used to obtain the 
diffusion profiles. 
Diffusion Diffusion -:urface Boron Intrinsic Intrinsic 
Temp. T. Time, concentration Density,n^ Diffusion 
o^ t hours C per cm^ 3 coefficient 
^ V. w^^^ g t. p g ^ ^ ^ 2 
D, cm per sec, 
1200 1 5x10^° 6.5x10^^ 1.66 x lO"-''^  
1150 3 3.9 X 10^° 5.9x10-^ ^ 6.17 x lO"''"^  
1100 6 2.8 X 10^ '° 2.95x10^° 2.12 x lO"""-^  
The results with the above parameters are given 
in Table 2 to 4. 
DIFFUSION PROFILE NQ3 . 5 to 6 
Profile .jos. 5 to 6 shows low surface concentration 
boron diffusion profile experimentally obtained by 
3. MackaWa et al. It may be seen that there is a 
reasonable/between the theoretically calculated results 
and experimental results if certain minor modification 
in intrinsic density is made. Following data were used 
to o'")tain the diffusion profiles. 
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Diffusion Diffusion Surface Boron Intrinsic Intrinsic 
Temperature Time, t concentration Density Diffusion 
„o^' hours ^ 3 3 coefficient 
T C C per cm n. per cm 2 
n. cm per 
sec. 
1150 21 4.8 X 10^ -"^  5.9 X 10"^ '^  6.17x10'"^^ 
1200 9 5.5 X 10-^^ 6.5 x lO"^ '^  1.66x10"-^^ 
The results with the above parameters are given in 
Tab le 5 an d 6 . 
5.2 CONCLUSIONS 
A thorough study into the phenomenon of diffusion 
into silicon has been made. It has been observed that in 
the cases of practical interest, the actual diffusion 
profiles are generally not in agreement with the 
profile obtained from the simple diffusion theory, A 
number of deviations and anomalities have been studied. 
.'. large number of moielling attempts by various workers 
all over the world have been considered. An upto date 
critical review of the same has been made. It has been 
observed that several models have recently come ilip which 
are capable of successfully explaining most of the 
anomalous effects like the concentration dependence of 
diffusion coefficients, kink information, enhanced 
diffusion and emitter oush effect etc. One of the most 
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up to date models for diffusion into silicon has been 
selected. A complete program has been developed for the 
determination of impurity profiles for boron into silicon 
The program has been tested during a number of diffusion 
profiles experimentally obtained by various workers. It 
has bee;i found that the calculated results agree with 
the >.iXT5erimental results v/ith a fair degree of 'accuracy. 
It has further •'Deen observed that the experimentejl results 
obtained by 3. Mackav/a et al agree with the theoretically 
calculated results when certain minor modification in 
intrinsic density is made. 
uG.Ktc 59 J 
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O O E + 0 8 C u . C m 





:t.i^itflti':(f*^t*'¥*V'^****************** * * * * * * * * * * * * * * * * * * * * * * * * * * * 
D I F F U S I O N P R O F I L E 
*»4!!)t**!)(i(c:(<i^4^**4*:4;*;j;t**tt* ****************** *************** 
X(HICRON) ATO 
0,0 0,1 4 
1,0 0, 13 2,0 0, 13 
3,0 0, 12 
4,0 0. 12 
5,0 0. 12 
b.O 0. 
.11 
7,0 0. .11 
8,0 0, 10 
9,0 0. ,10 
10.0 0, .99 
11 , 0 0 .94 
12,0 0 ,89 
13.0 0 ,85 
14.0 0, .80 
15,0 0, .74 
16,0 0, .69 
17,0 0, 64 
18,0 u, , S9 19.0 0 .53 
2 0,0 1) .47 
21^0 • 0 .42 
22.0 0 .36 
23.0 0 .30 
2 4.0 0 . ?b 
2b,0 0, .20 
26.0 0 .15 
27,0 0 .11 
2H.0 0 ,78 
29.0 0 ,52 
3 0.0 0, .34 
31.0 a .21 3 2.0 0 .13 
3 3,0 0 ,80 
3 4.0 0 ,47 
3f3.0 0 .27 
36,0 0 ,1^ 
37,0 0. .89 
3 B , 0 0 .50 
39.0 0 ,27 
40.0 0 ,14 
41.0 0 ,80 
42.0 0 .42 
4 3,0 0 ,22 
4 4.0 0 ,11 
4b.0 0 , 5R 
46.U 0 .29 
4 7.0 0 .14 
48.0 0 .73 
49.0 0 .35 




126E + 21 
!B8E + 21 
t49E+21 
'09E + 21 
6 B E + 2 1 
. 2 b E + 2 1 
(H2E + 21 
I38E + 21 
i 2 7 e + 20 
l:63e + 20 
l8 8fc+20 
.OlE + 20 
S04E + 20 
t 9 5 E + 2 0 
• 7 6 E + 2 0 
t45E + 20 
I 0 4 E + 2 0 
I5 3E + 20 
' 9 3 E t 2 0 
!27E + 20 
>5HE + 20 
f94E + 20 
.42E + 20 
a 9 E + 2 0 
. 4 0 E + 2 0 
.25E + 20 
i 7 6 E + 1 9 
I 9 4 E + 1 9 
3 6 e + 1 9 
, b 5 E + 1 9 
i 3 1 E + 1 9 
i lBE + 18 
' 4 3 E + 1 8 
^61E+18 
i 8 4 E + 1 8 
' 6 0 E + r 7 
)0 0 E + 1 7 
' 5 4 2 + 1 7 
i 9 8 £ + 1 7 
142E + 16 |f>4E+16 
: 3 3 E + 1 0 
5 5 E F16 
I 9 8 E + I b 
i 7 h E + 1 5 
l 8 4 E t l 5 
lObE+14 












60, , 0 
61, , 0 
62, ,0 
63, . 0 
64, ,0 





7 0 ,0 
71, . 0 
72, . 0 
73, .0 
74, . 0 
75, .0 
76, . 0 
77, . 0 
7B, , 0 
7 9 , 0 
80, . 0 
81, ,0 
82, , 0 
83, |0 
84 .0 
85 , 0 
86 .0 
87, ,0 










98 . 0 


































































7E + 09 
4E + 09 
7E+08 
OE + 08 
9E + 08 
3E + 07 
OE + 07 
6E + 0& 
lE + 06 
lE + 05 
OE + 0 5 
4E+05 
lE + 04 
7E+04 
5E + 0 3 
7E + 03 
9E + 02 
8E + 02 
OG + 01 


















u er Results I'or Diffusion Profile No,1 
SUGiiK.Hi- 3; I 60 lb-Abci-iy«B l n ; U Pdq^ 1 
DlFPUSIVITy 1)1 = 
INTRINSIC nK'-T, riY H'-.'I = 
CONSTAWT ; >:, C0NCE:NTRATIC.. C 5 = 
f<JUM . QF Sb ,. . . 1N X D I nw.cr. In< • r-. = 
SIMULATIOM t)fr INFINITY Hlhz: 
TIME STtiP ST = 
NO, OF $TEP IN TIME DIHECTIQN NRTs 
TEMP, I^i DEGREE CENTIGRADE TtJ'iPs 
TIME IN HOUR Tr'f.,= 
0,b95oK+00 MICRON SQUARE FLH HOUR 
O.fSOK+08 Cu.Cm 
• )F ;+09 ATOMS PER Cu.Cm 
O . l O E - 0 3 
1 
OTFFUSiaiJ PR OF ILK 
XCMICRON) ATOMS/CC X(MICRON 3 ATOMS/CC 
0,0 0,5000i;;+21 5,0 0.9647F+19 
0,1 0, ,4926fi: + 21 5, J 0,642bF+19 0.2 0. 4«50S+21 5, .2 0,4195E-(-19 
0.3 0, ,4774E+21 5. 3 0.2694E+19 
0,4 0. ,4696E+2J 5, .4 0.1707F+19 
0.5 0 ,4617E: + 21 5 ,^ 0.1069E+19 
0,6 0, ,453 7E+21 5, .6 0,6624E+18 
0,7 0, 4456S+21 5, 7 0,4069E+18 
0,8 0. 4373E+21 5, s 0.247BE+18 0,9 0 ,4290F. + 21 5, (9 0,1497F. + 18 
1.0 0, ,4205E+21 6. ,0 0.8976E+17 
1,1 0, .4U9e + 21 6, .1 0,5340E+17 
1.2 0, ,4032E+21 6, ,2 0,3153E+17 
1.3 0, , 3944E; + 2 1 6. .^  0.1848E+17 
1.4 0, .3854E+21 6. ,4 0,1075E+17 
1,5 0, , 3 7 6 3 F > 2 1 6. i5 0,621ie+16 
1.6 0, , 3671E + 2) 6, ,6 0.3561E+lb 
1.7 0 . 3578K + 21 6. ,7 0,2027F;+lb 
1.8 0, 3484E+21 6, 8 0,1146E+16 
1.9 0, 33e8&+21 6. 9 0,6429E+15 
2,0 0. ,3291F+21 7, (1 0,3581E+15 
2,1 0, , 3192E + 21 7. . 1 0,1981E+15 
2.2 0, ,3093H>21 7, ,2 0,1088E+15 
2.3 0, .?99tEt21 7, ,3 0,5933E+14 
2.4 0 , ,2889S+21 7, ,4 0.3212E+14 
2,5 0 ,278SE+21 7, ,b 0,1727E+14 
2,6 0. ,26805+21 7. .6 0,9222E+13 
2,7 0, ,2574e+21 7, ,7 0,4B89E+13 
2.8 0, ,2466(i;+2l 7, R 0,25746+13 
2.9 0, ,2357£+21 7, »9 0,1346E+13 
3,0 (1 ,2246F,+ 2r 8, . 0 0.6988E+12 
3.1 0 .2U4K + 21 B ,1 0,3603E+12 
3.2 0 .2021K+21 8 ,2 0,1B45E+12 
3.3 0 , 1906K + 21 8 .3 0,9385E+11 
3,4 0 ,1789S; + 21 8. ,4 0.4741E+11 
3.5 0 .I672e+21 B, ,5 0,2379E+11 
3.6 6 .15S2F+21 8 ,b 0,U85E+n 
3.7 0 ,1432K+21 8 ,7 0.5867E+10 
3,8 0 , 1311F+21 R, |8 0.2885E+10 
3.9 0 .1188F+21 8 ,9 0,1409E+10 
4.0 0, ,1065K+21 9, . 0 0,6B35E+09 
4.1 0 ,q414E+20 9, .1 0.3294E+09 
4,2 0, ,8l85e+20 Q, ,2 0.1577E+09 
4.3 0 ,6975E+-20 q, .3 0,7498E+08 
4,4 0 ,5799E+20 Q, , 4 0,3542E+08 
4,5 0 , 46B4F + 20 9, .5 0,1662E+Ofe 
4.6 0 , 3661S + 20 9 , h. 0,7739E+07 
4.7 0 .276ie+20 q ,7 0,3561E+07 
4,8 0 .2008E+20 9 .P 0,1584E+07 
4,9 0 .i413E+20 9 .9 0,6010E+06 
Table 2 : Computer Results for Diffusion Prof i le No,2 
B . H K S r 1 6 1 1 ' / - A U O l ' ^ H B 1 2 : 4 6 i 'Hne I 
DIFFUSIVITY 
I N T R I I M S I C OF.: 
CONSTANT SUHFACfc CO"'^ ' 
NUM. OF S U B n l v . IN X 
SIMULATIO; ; J F l N l ' K 
TIME STEP 
NO, OF STEP 1-. TIME DIRECTIOi^ i 
TEMP, IN DEGREE CEMTIGRADE 
TIME IN HOUR 
' ) ! = •J,'y!^ l^E+uU MICRON auuAHt: 
H.'l = n.590E+08 Cu.Cm 
ij C 5 = 0,390E+n9 ATOMS PfiR Cu.C 
: i N =: 100 
RIjvs 10,00 
ST = O.luE-02 
NST = 3000 
TSi'iPs 11 5 u 
T1ME = 3 
' f i j u k 
^Jtiit-******)!!-** *^***** ********* ^*** ********* ******^*********^** 
n i F F U S I O u PKLlFIIJi: 
^,^:mt**** ******************************************** ****** 
XCMICRON) 
0 , 0 
0 , 1 
0 . 2 
0 . 3 
0 . 4 
0 . 5 
0 . 6 
0 , 7 
0 . 8 
0 . 9 
1 . 0 
1 . 1 
1 . 2 
1 , 3 
1 , 4 
1 . 5 
l . b 
1 . 7 
1 . 8 
1 . 9 
2 . 0 
2 . 1 
2 . 3 
2 . 4 
2 . 5 
2 . 6 
2 . 7 
2 . 8 
2 . 9 
3 , 0 
3 . 1 
3 . 2 
3 . 3 
3 . 4 
3 . 5 
3 . 6 
3 . 7 
3 . 8 
3 . 9 
4 . 0 
4 , 1 
4 , 2 
4 . 3 
4 . 4 
4 . 5 
4 . 6 
4 , 7 
4 , 8 
4 . 9 
ATOMS/CC XCMICRON) ATOMS/CC 
0.390aE+2l 5,0 0,68466+19 
0,3B41E+21 5.1 0.4719Ef19 
0,3781F: + 21 5.2 0.3203E+19 
0.37iyE>21 b.3 0,2146E+19 
0,3&57E+21 5.4 0,1421E+19 
0,3by5£+2l 5,5 0,931HE+18 
0,353lE+2l 5,6 0,6056E+ia 
0,346ftE+21 5,7 0,3903e+lB 0.2497e+l8 0, 34O0e + 2jl 5,fc) 
0,3^-J3E + 21 5.9 0.15«5E+1B 
0,3266e+2l 6,0 0.99yiE+l7 
0,31'"*7F:+21 6. 1 0,6254E+17 
0,3127E+21 6.2 0,38B8E+17 
0.3057Et21 6.3 O.24O0E+17 
0,2985E+21 6,4 0.l47 2e+l7 
0,2913R+21 6.5 0.8965E+i6 
0,2B39E+21 6,6 0,5424E*16 
0,2764E+21 6,7 0,326OE+16 
0,26B9E+21 6,8 0,1946E+16 
0,2C>12E + 21 6,9 0.U54E+16 
0.75 3 4E+21 7, 0 0,6798e+l5 
0.2455g+21 7.1 0,397bE+l5 
0.2 37 5E+21 7.2 0,2313E+15 
0.2294E+21 7.3 0,t336E+l5 
0.2212E+21 7.4 ().7664E+1 4 




7, 7 0,247 4E+14 0,1392E+14 0.1873E+21 7,8 0,77B1E+13 
0,l785E+21 7.9 0.4321E+13 
0,l69bE+2l 8,0 0.23B4E+13 
0.1bO7E+21 8.1 0,1307E+13 
0. l516E+2i 8.2 0,7120Etl2 
0.i424Et21 8,3 0.3853E+12 
0,133ie+2l 8.4 0.2072E+12 
0.1 2 37f';t2l 8,5 0,1107E+12 
o.i i42e+2i 8,6 0.5B79E+H 
0,104bE+21 8,7 0,3101E+U 
0,q498E+20 8,8 0.1626G+11 
0,8bi3E+20 a,9 0,8470E+10 
0,7'S7lE + 20 9,0 0.438 5E+10 
0,66l8E+20 9,1 0.2256E+10 
0,5683e+20 9,2 0,U53e + 10 
0,47«1E+20 9,3 0,5858E+09 
0.3927E+20 9.4 0,2957E+09 
O,3l42e+20 9.5 0,1483E+09 
0,2443E+20 y . 6 0.7379E+08 
O,lU47E+20 9.7 0,3620E+08 
0,t3S9E+2 0 9.8 0,1707E: + OB 
0,y7^oe+l9 9.9 0,6764E+07 
Table 3 : Computer Results for Diffusion Profile No,3 
B l . R E S M 6 2 I 7 - , » i " j - J ' a g e 1 
DIFFUi-ii >/.l.rY "'1 = 
INTRir^SXC DKNSITy '1 = 
CONSTANT SURFACE CQWCeia-HAXlLri CSs 
NUM. OF S U 8 0 I V , IN X DIRFlCTIO^i li-
aimUMlQ.H OF i r ^ F l N l T V RK^s 
TIME STEP ST= 
NO, OF STEP IN TIME DJHKCTIOn NST= 
TEMP. Ifj DEGREE CKH'nQRhOE TE^iFs 
TIME IN HOUR TIHE= 
2 9 5 E + U 8 Cu,Cm u 0 
0 , 2 B U E + ()y 
1 0 0 
l O . U U 
0 , 1 0 E - 0 2 
6 0 0 0 
1,1 0 0 
b 
^JUUAKE P E K hUUH 
ATOMS PER Cu.Crn 
UlFFUSIOl' i F K U F K J E 
X(MICRON) ATOMS/CC X(MICRON) ATOMS 
0,0 0,2800E+21 5,0 U ,17 7 
0,1 0 ,2757e+21 5.1 0, ,102 
0,2 0 ,2714E+21 5,2 0, ,57B 
0,3 0 ,2670e+21 5,3 0, ,322 
0,4 0. ,2o25et21 5,4 0, ,178 
0.5 0 .2580E+21 5,5 0, ,97 3 
0,6 t'l ,2S34E+2l 5,6 0. ,526 
0,7 0 .24B7E+21 5,7 0, ,261 
0,B 0 ,2440B+21 5,8 0. ,149 
0,9 0 ,23916+21 5,9 0, , 7 8 6 
l.O 0 ,2343E+21 6.0 0, , 4 0 9 
l.l 0 ,2293E+21 6,1 0, ,211 
1,2 0 ,2243E+21 6,2 u. ,108 
1,3 0. ,2192E+21 6,3 '• I ,547 
1.4 0. ,2140E+21 6,4 0, ,275 
1,5 0, ,2088£+2l 6.5 0, ,137 
1 .6 0, ,2035E+21 6,6 0, 676 
1.7 0, ,1981E+21 6.7 0 , 331 
1.8 0, ,l92bE+21 o.H 0, .160 
1.9 .iB7lE+2l 6,9 0, . 7 \\ 
2.0 0 , 1815E + 21 7,0 0 ,367 
iC m * 0 ,175BE+21 7,1 0, ,17 3 
4f %€» 0 .l700Et2l 7,2 0 , ai4 
2,3 n . 1641E + 21 7.3 0, ,378 
2,4 0 ,15B2E+21 7,4 0 ,174 
* » D 0 ,1S22E+21 7,5 0 ,795 
2,6 0 ,l4bie+21 7,6 0, ,360 
2.7 0 , i399E + 21 7,7 0, ,161 
2,8 0 , 1337E + 21 7, 8 0, ,721 
2.9 0. ,t273E+21 7.9 0. ,318 
3.0 0. ,l209E-(-2l 8.0 0, ,139 
3,1 0 . 1144E+21 8.1 0, ,606 
3.2 0, ,1078E+21 8,2 0, ,261 
3,3 0. , lOllE+21 8,3 0, .111 
3,4 0, ,9432E+20 B.4 0, ,47 3 
3,5 0, ,8745E+20 8,5 0, ,199 
3,6 0, ,8049E+20 8,6 0, ,B31 
3.7 0. ,7344e+20 8,7 0, ,344 
3.8 0, , 6630E+20 y,8 0, ,141 
3.9 0, ,5909E+20 8,9 0, ,576 
4,0 0, ,5l82E+20 9,0 0, 233 
4,1 0, ,4453E+20 9,1 0. ,935 
4,2 0, 3727E+20 9.2 0. 372 
4,3 0, 301faE+20 9,3 0, 147 
4,4 0. 2338E+20 9,4 0, 576 
4,5 0, 1723E+20 9,5 0, 224 
4,6 0, 1200E+20 9,6 0, 866 
4.7 0, 7 909Etl9 9,7 0, 331 
4.8 0. ,4973E+19 . 9,8 0. ,123 
4.9 0, , 3011E + 19 9,9 0, ,410 






















9e + l3 
8E+13 
5E+12 
3E + 12 
3 E +1 2 






2E + 09 
3E + 09 
7 £+09 
7E + 08 
3E + 08 
6E + 07 
3 £ + 07 
4E + 07 
4E + 06 
lE + 06 
lE + 05 
3e+05 
lE + 05 
7E + 04 
4E + Q4 
2E + 03 
2E + 03 
9E + 03 
5E + 02 
B'y 1 63 
D l F F U b i v I'i " 1 = 
I N T K I r . S I C . 1 = 
COtVvSTAM MJlhAC f l C : (-5 = 
NUM. OF SUBDIV. "T'lt}^: N = 
SI.MULATIo^i OF i f ' iFT t ; ! ! - ' •'•x^ = 
TIME STEP '•'''' = 
?iO,'"CF STfc.;P I ' l Ti;^E DIRECTIUI'^ >'-b1 = 
TEMP. IN DEGREE CENlIGRADfc; TE'U = 
TIME I H (iOtlR TI.ifc5s 
U , ^ ^ ^ l u ; + 00 Mi CHUN SUUAKK P tK 
0 . 5 9 0 t : + 0 8 Cu.Cm 
0 , 4 8 0 F + OB ATitrlH PER Cu^Cm 
100 
1 0 , 0 0 
O . l O E - 0 2 
2 1 0 0 0 
1150 
H UIJ K 
niFFUSlOlv PROFILE 
* * * ; « . * * < ; ; « ; * * J4i;4t:<c*** + * * ! ^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
X(MICRON) s/cc 
0,0 V. 4 «•'-' 0 F, + 2 0 
0.1 0, 47 21E+20 
0,2 0, 4b42E+20 
0,3 0, 4 5olE+20 
0,4 0, 4480et20 
0.5 0, 4399E+20 
0,6 0. 4316E+20 
U.7 0. 4233e+20 
0.8 n, ,4l50fc:+20 0,9 0, , 40BbE+20 
1,0 0, ,39BlE+20 
1,1 0, , 389bE+20 
1,2 0, , 3810E+20 
1,3 0 , 3724E+20 
1.4 0, ,3O38F+20 
1.5 0, ,355lfc; + 20 
1.6 0. ,3464E+20 
1,7 0, ,3377E+20 
1.8 0, ,3290E+20 
1.9 0, ,3203E+20 
2.0 c, 31U.E+20 
2.1 0. ,3029E + 20 
2.2 0 , 2 94U>2 0 
2,3 0, ,28&5E+20 
2.4 0. ,27 68E+20 
2.5 fl, ,2682Et20 
2,6 0 ,2596Ef20 
2,7 0 ,2511E+20 
2.8 0, ,2426E+20 
2.9 0 ,2342E+20 
3,0 0. ,22b9E+20 
3,1 0 ,2l77E+20 
^ • ilv. 0 ,2095E+20 
3,3 0 ,2'.'lSE + 20 
3.4 0 , 1935E+20 
3.5 0 .l«^7E+20 
3,6 0 . 1780E+20 
3.7 0 , n06E+20 
3.8 0 ,t630E+20 
3.9 0 , 1558E + 20 
4.0 0 ,t487E+20 
4,1 0 ,l417E+20 
4.2 0 , 1349E+20 
4,3 0 ,l2b3£+20 
i«'' 0 .1219E+20 4,5 0 ,1156E+20 
4.b 0 , 1095E+20 
4.7 0 , 1O37E+20 
4.8 n ,q799E+19 


























































































































































Table 5 :Computer Results for Diffusion Profile No.5 
htio; 1 63 
DIFFUSIVITY 
INTRINSIC DENo I : 5 
CONSTANT iSURFACt: CO^C 
NUM. OF SUB[)T'.'. T" X 
SIMULATION) 
TIME STEP 
NO, GF STEP I 
R U I s 
•s= 
n 1 rvi = 
S T s 
-T = 
1 iF = 
U . 1) 
U , 6 
O . S 
lUO 
1 0 
o . f 
9 0 0 
12u 
9 
^ 5 6 l i + 0(J MICRON SQUARE PER HOUR 
5 U E + 0 « C a , C m 




;^:^4:4f^;tc4[«^:(c:[|[!|E:((:^^.^ ^ . - ;^  + ij; 4; » ^  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
i; I FPUS tor. PROFILE 
^iii!t:^ti^t^* 4'^•*-******t* ******************** **'^'^***'*********** 
XCMJCRON) 
0 , 0 U , 
0 . 1 0 . 
0 , 2 0 . 
0 , 3 0 . 
0 . 4 0 . 
0 . 5 0 . 
0 , 6 0 , 
0 , 7 0 . 
0 . 8 0 . 
0 , 9 0 , 
1 , 0 0 , 
1 . 1 0 , 
1 . 2 0 , 
l . i 0 . 
1 , 4 0 . 
1 , 5 0 , 
1 . 6 0 . 
1 » / 0 . 
1 . 8 0 . 
1 . 9 0 , 
2 . 0 0 , 
2 . 1 0 . 
2 , 2 0 . 
2 . 3 0 , 
2 . 4 0 , 
2 . 5 0 , 
2 . 6 0 . 
2 . 7 0 , 
2 . 8 0 , 
2 . 9 0 , 
3 , 0 0 . 
i . l 0 . 
3 . 2 0 , 
3 . 3 0 . 
3 . 4 0 , 
-3.5 0 . 
3 . 6 0 , 
3 . 7 0 . 
3 . 8 0 , 
3 . 9 0 . 
4 . 0 0 . 
4 . 1 0 . 
4 . 2 0 , 
4 . 3 0 . 
4 . 4 0 . 
4 . 5 0 , 
4 . 6 0 . 
4 . 7 0 . 
4 . B 0 , 













































































































































































































3- X V-i. X i . 
- 0 119 . 0 :0-0 ci;: 
jOrtOy Di FF'u'SIOH r'HOFILE N0.1 
X IN M I C R O S 
• ^ 1 















e 1. ,0 .e e 4,e 6 , 0 e 
X I N MICRON 








^ i ff^ |T> itTi <Ti 
^ I u.' 1 ' yi ii'-
J . : 3 i ^ 
1,0 2 , 0 3 , 0 
V 
H , 0 5 , 0 
I N M I C R O N 
6 , ^ 7 . 0 












, 0 1 .e £ , e ,0 









\4r0 S ,0 k 6 r 0 
I N M I C R O N i 
,0 L.e £ ,0 3 , e H.0 5.e 
X IN MICRON 
7,e 




. 0 l . e £ . 0 3 , 0 M.0 5 , 0 
X I N M I C R O N 
6.e 7.e S'O %0 
^?\ 310!. PROFILE K0.6 
/JPPENDIX-A 
L i s t i n g of Program f o r Boron Dif fus ion i n t o S i l i c o n 
C PROGRAM FOR 80R0H DIFFUSJON IMTO SJiaCDf-J 
C TIME IN HOURS,DlFFUSIVITY in MICRONS SQUARE/HOUR 
C DEPTH IW MICRONS,CONCENTRATION IN ATQMS/CC 
DIHFINSION V(4i>n;) ,i)f 400) ,rB(400) ,XM(400),X2(4),Y?(S) ,X3C43 ,y3(5) 
PH1 ( X ) =2 . *X + C1 . + 2 . *X •X ) /SORT ( 1 . + )(*X ) 
P S1 (X ) = 2 . + X * ( 2 , * X * X + 3 , ) / f 1 , + X * X ) * * 1 . S 
READ ( 8 , * ) CS , RIN , !^  , ST , NST 
C N = NUMBER OF SUBDIVISION OF (0,H) Ii. X-DlRECTlON 
C CSsCONSTANT SURFACE CONCENTRATION 
C RIN = SIHULATI0M OF INFItJiTY 
C SXsSTEP SIZE 
C NSTsNUMBER OF STEP IN TinE DIRECTION 
C R.'-UsINTRINSIC DENSITY 
C R=HESH RATIO 
C H = MESH SIZE I'M X-DlRECTIOw 









22 FORMAT(5X,'C0f<isrAMT SURFACE CONCENTRATION CS=',El3,i, 
X' ATOMS PSR Cu.Cm') 
23 F0RMAT(5X,'NUM, OF SUBDIV, IN X DIRECTION Ns',i7) 
24 F0RHAT(5X,'SIMULATION OF INFLJITY RIN=',F9,2) 












TXME DIRECTIUN NST=',18) 
FORMAT (5X,'TEMP. r^EGREE CEMTIGHADK TEMP= 1250') 
FORMAT (5X,'TI"'1P: IH HOUR TIMEs !') 
DATA ti2/5/lM2 APE THE DATA POINTS FOR DIFFUSIVlTY 
X2 ARE THK TEMpEKATURES FOR DXFPUSIVITY CALCULATIONS 
DATA X2/ It, UU , 1 1 50 , 1. 2O0 , 12 50/ 
Y2 ARfi THK CORRESPONOING DIFFU5I VI'I 1 KS 
DATA Y2/0.07637,0,22212,0.S956,1,332,1.08/ 
DATA iii/5/l'U ARE THE DATA POINTS FOR INTRINSIC CUfiCE^riKATlON 
X3 ARE THE TEMPERATURES 
DATA Xi/ 11 UO ,1150, 1. 200 , 1 250/ 
Y3 ARE THE CORRESPONDING INTRINSIC CUfiCEMTRATlON 
DATA Y3/0,295E + OW,0.590E+()8,0,650F + OB,0.7 50E + 08,0,30£ + OB/ 
0!!RATI0*Y2(b) 




DU 10 I=2,W1 
U(I)=0.0 
UU 100 K = 1,;N1ST 
DO 90 1 = 2, M 
U1=U(I) 
V C I ) = O C m u * P H i C U i J * C U t l + U - 2 . * U C l . ) - t i K l - l ) )+U* 
I P S I ( U U * C 0 ( I + l ) - H I ) * * 2 
CONTINUE 
V ( 1 ) = F C S 
V ( N 1 ) = ( ) , 0 
DO 4 0 1 = 1 , i n 
U C n a V C I ) 
DO iO I s i , f j + 1 
Xf''CI) = ( I - l )*H 
C H ( l ) = V ( l ) / i - : P * i . i . . i : . i . 2 
73 
WRITE(10,101) 
101 FURMAT(//,5X,58C'*') , / , 25X ,'DIFFUSirtN PROFILE',/, 5X , 58 ('*') ,/) 
WHITE(10,102) 
102 FOKMATC2t8X,'X(MT,CRf)M) ' , 5X , ' ATO'^S/CC) ) 
WRTTP:(IO,U ) (XMCI) ,cnn ,xM(i+so) .cBci+bo) ,i = i ,bo) 
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